This study examined important stimuli influencing agonistic conspecific pairs of Macrobrachium australiense and how these affected diurnal refuge usage. The results demonstrated key behaviours underlying refuge competition, and have ramifications for how we view the link between conspecific competition and exposure to predation. Different levels of vegetation stalk density were employed to examine the effects of increased refuge quality on the hierarchical interaction. The data analysis demonstrated that the prawns were responding to nearby stimuli which altered detectability, e.g., vegetation density, conspecific size, conspecific movement. Dominants and subordinates both responded to the same stimuli, however, the behavioural response was different. Increasing subordinate size lead to increased dominant activity in all refuges, irrespective of vegetation density. Increasing dominant size caused an increase in subordinate activity in high density refugia but a reduction in low density refugia. The increased activity lead to an overall increase in time spent outside of the refuge for all individuals. Subordinates spent substantially more time outside of the refuge than the dominant individuals. As such refuge competition biases the exposure of individuals to risk, localised changes to this bias, i.e., the size of neighbouring conspecifics, can influence this risk and determine the vulnerability of specific demographics, i.e., smaller individuals, to predation.
INTRODUCTION
Studies on intraspecific competition primarily focus on population level impacts (Barki et al., 1992; Holbrook and Schmitt, 2002; Bednekoff and Lima, 2004) or agonistic interactions between individuals (Lee and Fielder, 1983; Dowds and Elwood, 1985; Barki et al., 1991) . We bridge these research areas by examining the mitigating effects of habitat structures on agonistic interactions, and their ramifications for exposure to predators. Crustaceans make good model organisms for the study of these factors due to their strong drive to use refuge structures and their highly ritualised competitions.
Models of animal interactions have shown that competition can occur between prey individuals when refuges are in short supply (Holt, 1987) and that agonistic encounters between individuals reduce refuging time and may increase exposure to predation. Experiments have demonstrated that displacement from a refuge may cause an increase in mortality (Coen et al., 1981) . Macrobrachium australiense Holthius, 1950 , like a number of other palaemonid and penaeid species, reduce activity and increase refuge usage during the day (Rodriguez and Naylor, 1972; Penn, 1984; Sogard and Able, 1994 ) most likely as an antipredator adaptation (Lammers et al., 2009) .
Macrobrachium australiense, like a large number of invertebrate species (reviewed in Wilson, 1975) , has been shown to form linear dominance hierarchies (Lee and Fielder, 1983) . Body size tends to be a good indicator of rank in linear hierarchies (Dowds and Elwood, 1985; Enquist et al., 1990; Figler et al., 1999) . Rising in rank is selectively advantageous since higher ranked individuals may gain increased access to reproductive partners (Ra'anan and Cohen, 1985; Correa et al., 2000) , and priority of access to food and shelter (Barki et al., 1992) . Once the dominance hierarchy is established, fights between individuals occur less frequently with less intensity. Thus the risk, and cost, associated with initiating combat should be low for the dominant individual but high for the subordinate (Francis, 1988; Drews, 1993) .
We predicted that when pairs of M. australiense were placed in an aquarium their response to the conspecific would be dependent on its detectability, irrespective of dominance position. Most studies on detectability have been conducted on predator-prey interactions. These provide a parallel framework within which to examine dominant-subordinate interactions. In this case the subordinate fills the role of the prey, attempting to avoid the dominant individual. The dominant on the other hand, would attempt to defend its territory from the subordinate. Both these interactions require the individuals to detect and respond to conspecific presence.
Changes in detectability are relatively hard to measure, as they are often compounded by other ontogenetic factors (Examples in : Brownell, 1985; Fuiman, 1994; Maret and Collins, 1996) . Despite this, two main factors are commonly considered to increase detectability: increasing size (Fuiman and Magurran, 1994) and reducing vegetated cover (Main, 1987) . Predators have been shown to preferentially select larger prey items (Litvak and Leggett, 1992) , whilst increasing vegetation density reduces predator capture success (Heck and Thoman, 1981; Russo, 1987; Savino and Stein, 1989) . There is some evidence that increasing prey size reduces the effectiveness of vegetation as a refuge (Cook and Streams, 1984; Manderson et al., 2000) . These mechanisms should function in a similar manner in the dominant-subordinate interaction.
Once a conspecific is detected, the response of a focal individual would be related to its dominance position relative to the conspecific. Due to the low cost of aggression and benefits in maintaining territory, we predicted that the dominant should attempt to exert dominance over the subordinate whenever possible. It logically follows that the activity of the dominant should be directly related to the detectability of the subordinate.
In contrast, subordinates tend to avoid dominant individuals (Huber, 1987; Goessmann et al., 2000) because of the higher costs of becoming involved in dominance interactions. In this case vegetation will serve a similar role to that in predator-prey interactions. Greater vegetation density should improve a subordinate's ability to hide and interfere with the larger dominant's ability to give chase (Manatunge et al., 2000) .
In summary, the key component controlling the diurnal activity patterns of an M. australiense individual are refuging behaviours (Lammers et al., 2009 ). These patterns should be affected by agonistic interactions between conspecific pairs. Because dominance of a subordinate is low risk we predicted that dominant individuals would increase their activity in response to increasing subordinate detectability. However, this should not occur at the cost of increased exposure to predation. Thus the dominant individual should increase its activity without significantly increasing the amount of time spent outside of the refuge. Furthermore, the increase in activity should be related to the detectability of the subordinate. The activity and refuging time of a subordinate should be affected by its ability to avoid the dominant. Increased detectability should result in more time spent outside the refuge. In this study we examine ways in which competitive behaviours interact with the structure of vegetation refugia to influence refuging patterns.
MATERIALS AND METHODS

Field Collections and Laboratory Maintenance
M. australiense were collected between October 2002 and March 2004. All animals were collected in Brisbane, Australia from Bulimba Creek (27u339S, 153u039E). Prawns were transported in aerated polystyrene containers containing water from the creek system. They were then transferred to holding aquaria for acclimation. Holding tanks consisted of glass aquaria 25 3 50 3 25 cm in size and were filled with 18 cm of water. M. australiense were distributed randomly among holding tanks and kept at a maximum density of 15 per aquaria, pilot studies had demonstrated that there was no effect of stocking density on subsequent behaviour (Lammers, unpublished data) . Holding aquaria contained four to five PVC tubes, which acted as refuges for the test animals and reduced agonistic interactions. All aquaria, holding and experimental, were maintained in an air conditioned room at water temperatures between 22 to 24uC, which is similar to conditions in the region during Summer. Fluorescent lighting was placed above the holding tanks and kept on a 12:12 h light:dark cycle, this was to acclimatise the prawns to the experimental lighting. Windows in the laboratory allowed natural light in.
The test animals were fed daily on sinking pellets and the holding aquaria were cleaned weekly. The prawns were allowed to acclimate for a period of at least 48 h prior to their use in experiments. The test animals were not held in the lab for longer than two weeks and were returned to a different location of the creek system from which they were caught, to ensure that experimental animals were not re-caught.
Experimental Design
The experiments examined the effects of conspecific presence, body size and vegetation quality, on the refuging patterns of an M. australiense individual. A total of 106 behavioural trials were completed during the experimental period, utilising 170 individual prawns. Each individual was used only once in a single trial. Each trial lasted two hours; three trials were conducted daily between 9am and 5pm. Treatments were randomised throughout the day to account for time of day effects. For the first hour the prawn/s were allowed to acclimatise to the tank, behaviours were recorded for analysis during the second hour.
The trials were all conducted in aquaria of size 50 3 25 3 25 cm with a water depth of 25 cm. Because prawns responded to movement outside the aquaria experiments were conducted inside a hide (in this case a structure made with sheets of fabric designed to occlude vision) and behaviours were recorded with a video camera placed approximately 30 cm in front of the aquaria. Three 8W halogen bulbs in waterproof casings were placed above the aquaria to provide experimental lighting. The water in the aquaria was completely changed between trials using aged tap water.
The experimental arena contained a thick layer (3 cm) of coarse gravel. The thickness of the layer ensured that the simulated vegetation refugia remained in position. All trials consisted of an open area and a refuge area, both with dimensions of 25 3 25 cm (Fig. 1) . The simulated vegetation stalks consisted of strips of shade cloth, approximately 5 3 25 cm, rolled to form ,25 cm long cylinders. These were clipped and weighted at the bottom end with iron fence clips which were planted underneath the gravel. In all cases the stalks were planted in a checkerboard pattern to standardise the layout between trials. To determine the effects of refuge quality two different levels of stalk density were used. Low density treatments containing a stalk density of 300 stalks m 22 and high density treatments containing 1000 stalks m 22 (equating to 19 and 63 stalks in the tank, respectively). The location of the vegetation refuge, either on the left or right of the tank, was distributed evenly across the treatments.
Numerous body parameters were measured whilst the study was conducted, i.e., carapace, chelae, and body length. Individual body length was used as a main variable and was measured as the distance from the tip of the rostrum to the end of the telson. All analyses used the body length of the individuals (mm) as a variable. In order to balance the pairings of individuals in the experiments (to ensure that there wasn't a bias towards pairing of individuals of similar/dissimilar sizes) two size classes were constructed. The small size class consisted of individuals between 30 and 49 mm whilst the large class consisted of individuals between 50 and 90 mm. A minimum of 10 replicates were conducted for each possible combination of size class and vegetation density treatments. The size classes and vegetation densities were mixed to form 10 experimental treatments (Table 1) .
After the trials were completed the video recordings were analysed for activity and time spent out of the refuge by the experimental animals. For the analysis of activity each trial was divided into twelve periods of five minutes. If a prawn performed any locomotion behaviours (Lee, 1979) for equal to or longer than half of the period then it was deemed to have been ''active'' for that period. In addition to this the amount of time spent outside the refuge, in seconds, was counted for every individual. In the conspecific treatments activity and time out of refuge were analysed separately for both individuals.
All analyses were done using Statistica v7.0 (Statistica, 2006) . In most situations data distributions were heavily skewed, breaching assumptions of normality, so non-parametric tests were utilised. For pairwise comparisons of conspecific presence / absence the Mann-Whitney U test (statistic: U) was utilised as a substitute for the t test for independent samples. For comparisons between the behaviours of the dominant and subordinate individuals Wilcoxon's Matched Pairs (statistic: T) was used as an alternative to the t test for dependent samples.
The relationships between; individual size, conspecific size, and vegetation density (independent variables); and their subsequent effects on the activity of the individuals (dependent variable) were examined with General Linear/Nonlinear Models (GLZ). These models were derived from all treatments which contained two individuals. Selection of the best model utilised the ''best-subsets'' feature in Statistica. This tests the fit of every possible combination of variables (variables a and b yield combinations a, b, a 3 b) and their interactions (for variables a, b, a 3 b the following models are tested, a, b, a 3 b, a + b, a + a 3 b, b + a 3 b, a + b + a 3 b). These models are ranked according to their Akaike Information Criterion (AIC) score, a tool for model selection where lower scores describe models with better fits. The AIC corrects for information loss, i.e., that models with more variables always produce better fits, which helps with selection of the most parsimonious model which best fits the data. The distribution of the data was fit using QQ Plots. All models assumed a gamma distribution with an identity link function. Statistica provides the Walden statistic (Wald stat), defined as the square of the z statistic, with the GLZ results.
RESULTS
General Comparison of Lone Prawn Behaviour and Conspecific Influence
Paired individuals were significantly more active than lone ones irrespective of their dominance status (Comparison of: single individual with dominant individual in a pair, U 5 833.0, n single 5 42, n dominant 5 64, P , 0.001; single individual with subordinate individual in a pair, U 5 736.5, n single 5 42, n subordinate 5 64, P , 0.001). When alone an individual spent an average of 1.52 periods per hour active (13% of time, SD 5 2.97). When paired, the activity of both individuals increased; the average activity of the dominant individual increased to 3.06 (26% of time, SD 5 3.14) active periods per hour, and the average activity of the subordinate individual increased to 3.82 active periods per hour (32% of time, SD 5 3.53). However, there was no significant difference in activity between the dominant and subordinate individuals (T 5 506.0, n 5 64, P 5 0.20).
The above increase in activity of the paired individuals caused an increase in the time spent outside of the refuge by both dominant (U 5 978.0, n single 5 42, n dominant 5 64, P 5 0.004) and subordinate (U 5 791.0, n single 5 42, n subordinate 5 64, P , 0.001) individuals when compared to lone individuals. Lone individuals spent 348 seconds/h (10% of time, SD 5 780) outside of the refuge. In paired treatments both individuals increased the amount of time spent outside the refuge. Dominants spent 518 seconds/h (14% of time, SD 5 723) and subordinates spent 967 seconds/h (27% of time, SD 5 780) outside of the refuge on average. In this case, a comparison of the time spent outside the refuge between the paired individuals demonstrated that subordinates spent significantly more time outside than their dominant co-occupants (T 5 435.5, n 5 64, P 5 0.013). Of note is that whilst active, the dominant individual in a pair spends no more time outside the refuge than a lone individual (U 5 376.0, n single 5 16, n dominant 5 48, P 5 0.901).
General Linear/Non-Linear Models of Conspecific Influence Subordinate Effect on Dominant Activity.-The results for the best 3 models predicting dominant activity are presented in Table 2 . The summary for the best model, i.e., with the lowest AIC, is given in Table 3 . The three variables present in the model, which best predicted dominant activity, were: the density of the refuge, the size of the subordinate, and the relative size of the subordinate, i.e., subordinate size/dominant size. These interacted in a complex manner to determine the activity of the dominant. A general observation is that the density of the refuge was one of the most important factors governing the interaction. Increasing the density of the refuge had a negative effect overall on the activity of the dominant. However, it interacted with subordinate size, influencing the response of the dominant relative to the density of the refuge. For example, in denser refugia there was an overall reduction in dominant activity but a greater response to increasing subordinate size (Fig. 2) .
This effect, of greater dominant response in denser refugia, was examined more thoroughly. Inspection of the raw data suggested that there was a dichotomous response by the dominant individuals to the subordinates. For subordinates greater than 43 mm in size the response of the dominants appeared to be quite polarised; with some individuals increasing activity sharply whilst others did not (Fig. 3) . Another model was constructed utilising only the data points within this region (refuge density 5 1000 stalks/m 2 , and subordinate size . 43) to determine if this dichotomy of response could be explained by changes to the dominance level. In addition to body size, weapon size has been shown to be a strong indicator of dominance (Neil, 1985) . Because of this the new models incorporated the body length as well as average chelae length of the individuals. However, none of the models significantly explained the variation in the data (Table 4) . Dominant Effect on Subordinate Activity.-The results for the best 3 models predicting subordinate activity are presented in Table 5 . The model with the lowest AIC is shown in Table 6 . The most interesting aspect of the model is the shift in response from low to high density vegetation. In high density refugia, increasing size of the dominant individual led to an increase in activity, whereas the opposite was true in low density vegetation (Fig. 4) .
General Effect of Conspecific Activity
This section deals with the direct impact of individual movement causing increased movement in a nearby conspecific. Previous studies into lone individuals have demonstrated that their size has an influence on their activity, with smaller individuals being more active than larger ones (Lammers et al., 2009 ). However, the examination of the paired interactions yielded no direct relationship between an individual's size and its own activity (Table 3 and Table 6 ). This suggests the presence of two mechanisms by which activity may commence; through detection of conspecifics or through internal motivations (as described in Lammers et al., 2009) . Given that movement is known to increase detectability, it is possible that independent activity by either individual would trigger activity in the co-occupant of the patch. Because an individual's size was not a predictor of its own activity in the models we have assumed that these two effects are independent of each other. Refuge density was included in the model because of its potential impact on detectability (Manatunge et al., 2000) . This analysis was conducted with the subordinate as focal individual. The results for the best 3 models are presented in Table 7 . The model with the lowest AIC was quite complicated, and was not chosen to represent the system because the effect of the vegetation refuge was insignificant according to further analysis (Table 8) . The second best model, which only used dominant activity to predict subordinate activity, was chosen as the final model (Table 9) .
DISCUSSION
Conspecific Presence and Refuge Usage
Paired individuals demonstrated a distinct increase in their activity when compared to lone individuals. In most cases factors which increased detectability, or likelihood of contact, caused an increase in activity. The magnitude of (Table 3) . Comparison of changes in the activity of a dominant, of body size 61 mm, due to increasing subordinate size and changing refuge density. the response, i.e., the amount activity changed, varied with dominance position and refuge quality. Our initial predictions were that, for pairs of individuals, the dominant would increase activity without a corresponding reduction in refuge use. However, refuge usage did decrease, by an equivalent amount to that predicted by the increase in activity when compared to lone M. australiense (Lammers et al., 2009 ). This was counter to predictions and would be expected to increase the dominant's exposure to predation. However, it is possible that the presence of a subordinate may offset the increased exposure to predation through risk dilution mechanisms. In the same situation the subordinate was more greatly affected, spending almost twice as much time outside of the refuge as the dominant. Whilst there is no evidence of M. australiense actively grouping in order to reduce their risk of predation, it is possible that small changes in risk, i.e., due to agonistic interactions, can be offset by the presence of a conspecific. This would favour the more dominant individual which spent relatively less time outside of the refuge.
As previously stated, when paired the subordinate individuals, spend significantly more time outside of refugia than their dominant co-occupants, despite no significant difference between their activity levels. This suggests that the dominant is able to keep a subordinate out of a refuge, either through direct pressure or indirect threat. In pilot studies we attempted to determine a direct relationship between specific conspecific interactions, e.g., dominant advance, contact between individuals, and subsequent subordinate refuge usage. Whilst the subordinate would always be the one which retreated, there appeared to be no consistency between whether the subordinate would remain within or leave the refuge whilst retreating. Furthermore, the method of retreat, e.g., backwards-walking, swimming, escape tail-flip (Descriptions in Lee, 1979) , appeared to vary both with the situation and individual ''personality'' (personal observation).
Conspecific Presence and Individual Activity
Overall, the predicted mechanisms of refuge use were relatively similar to those observed. Detectability played a key role in stimulating interactions between dominant and subordinate individuals but the vegetation refugia and dominance position were the key determinants of individual response. Early studies of M. australiense dominance interactions showed that two individuals, in a uniform arena, would place themselves as far as possible from each other (Lee, 1979) . This was likely also true of the experiments described in this paper, however, in these cases the behaviour was tempered by the requirement to remain within the refuge.
Dominant Response
Dominant response was consistent with the predictions made about the effects of detectability. The overall difference in activity between refuge treatments indicated that the increase in refuge density did reduce the impact of subordinate presence. Additionally, increasing subordinate size had the predicted effect of increasing dominant activity.
The magnitude of dominant response to subordinate size varied between the two refuge treatments. This was represented in the GLM by the negative estimates in two of the variables (Table 3) , and resulted in an almost threefold increase in the effect of subordinate size between low and high density refuge treatments (Fig. 2) . This effect can be explained in terms of detectability. As body length increases detectability would be expected to increase at a greater rate; based on the area of an individual's silhouette and alterations to its colouration and opacity (Johnsen, 2001). In low quality refugia, the sparse cover allows the relatively easy detection of subordinates of all sizes, resulting in higher overall levels of dominant activity and a weaker relationship with subordinate size. In higher quality refugia, the increased cover means size related detectability plays a stronger role. This can be seen in the strong relationship with subordinate size in the high quality refuge. The raw data from the high quality refuge experiment suggested a split in dominant response towards subordinates greater than 43 mm in size (Fig. 3) . We suggest that this variation in outcomes can be explained by differences in aggression levels between individuals in the population. There is evidence that previous experience can have an effect on agonistic behaviours in crustaceans (Edwards and Kravitz, 1997 ) and individual differences in temperament have been shown to affect a multitude of behaviours in a variety of species (Coleman and Wilson, 1998; Reale et al., 2000) . Further studies would be needed to examine the effect of individual variation in aggression.
Subordinate Response
Subordinate response was also influenced by dominant detectability. The initial hypothesis predicted that as dominant detectability increased subordinates would be able to more easily avoid them, thus reducing contact and activity. This relationship only occurred in the low density refuge as prawns changed their behaviour in high density vegetation. In the high density refuge dominant growth led to an increase in subordinate activity, the opposite of the initial prediction. This was most likely due to the way in which the subordinate avoided the dominant.
In the low density refuge both individuals were able to move unimpeded around the refuge, which increased the likelihood of agonistic interactions if the subordinate was detected. This was consistent with the reports of increased prey capture rates in the absence of vegetation (Vince et al., 1976; Savino and Stein, 1989; Mattila, 1992) . Thus if escape is more difficult in poor quality refugia, the best course of action is to reduce detectability. In the absence, or reduced quality, of refugia animals can rely on crypsis to lower their detectability. However, this requires an accompanying reduction in activity (Dill and Fraser, 1984; Sih, 1987) . As a dominant animal becomes more detectable the subordinate responds to it more frequently, reducing activity in a manner similar to that of a prey individual detecting a predator (Hendrie et al., 1998) . These mechanisms suggest that the response of the animal, though mediated by detectability, is ultimately related to the threat of domination.
In the high density refuge, the subordinates showed an increase in activity due to increased size of the dominant individuals. In this situation, as vegetation density was high, the subordinate was probably attempting to move away from the dominant. Observations of M. australiense indicated that their chelae affected their mobility through vegetated areas. As the chelae grow the individual must slow down in order to manoeuvre them around vegetation stalks, so that large, relatively dominant individuals tend to move more slowly (personal observation). This concept is supported in studies of prey movement, which have shown that complex physical structures can assist prey individuals to avoid their larger predators (Gilliam and Fraser, 2001 ).
Conspecific Activity
In addition to the mechanisms described above there was another independent mechanism affecting an individual's activity; the activity of the conspecific. This was unrelated to individual size or the quality of the refuge. A more active individual has greater detectability and is more likely to come into contact with others. Either of these two scenarios should result in a response from inactive individuals that have detected or come into contact with the active individual. Subordinates should avoid, and dominants should advance upon the active individual. In either case active individuals should stimulate greater activity in nearby conspecifics.
Ramifications and Broader Ecological Context
In its current form the study provides insight into the behavioural mechanisms governing competition for refu- gia, e.g., the role of detectability and dominance position. The results from the study can be broadened by investigating how these behaviours scale up to larger systems and down to examine more specific behaviours. Scaling down, further study could be done to evaluate the role of aggression on refuge competition. Some of the results hinted at variation in individual aggression impacting the refuging behaviours and interactions between individuals. Further study of the effect of individual variation in aggression could provide more depth of understanding of refuge competition.
In the examination of larger scale systems the behaviours seen here could lead to the development of population processes, i.e., density dependent predation mortality (Johnson et al., 2006) . A key factor would be to see if the behaviours scale linearly with the number of individuals, or if there is some form of threshold effect which reduces their impact with population size.
Overall, the behaviours quantified in this study provide a plausible behavioural mechanism which, when scaled up, can affect population structure, e.g., size selective exposure to predation. Important population processes are ultimately dependent on the interactions between individuals and their behaviours. In the natural environment successful occupation of refuges would be expected to give a survival and fitness advantage.
Overall, the pairing of individuals caused an increase in activity and a reduction in refuging time for both of them, irrespective of their hierarchical status. Subordinate individuals spent much larger amounts of time outside of the refuge than the dominants, suggesting that they were being actively excluded.
Changes in activity were primarily determined by altered detectability of the conspecific. In most cases increasing the detectability of an individual led to an increase in the activity of the co-occupant. However, this was dependent on refuge density and dominance position. Subordinate individuals in a low quality refuge reduced their activity as dominant size increased. 
